Objective: To compare bone status of small-for-gestational age (SGA) versus appropriate-for-gestational age (AGA) newborn preterm infants.
Introduction
Small-for-gestational age (SGA) is generally defined as a birth weight more than two standard deviations below the mean, or below the 10th percentile for fixed gestational ages. Approximately 4 to 8% of infants born in developed countries and 6 to 30% born in developing countries are classified as SGA. 1 Most SGA infants catch up in growth by 2 to 3 years of age; however, deficits in linear growth may persist into childhood and adulthood. 2, 3 Adults who were born SGA reportedly have lower bone mass 4 and accelerated bone turnover and higher osteocalcin levels 5 compared with adults born appropriate-for-gestational age (AGA).
Various methods are used to compare bone status in SGA versus AGA infants. Photon absorptiometry and dual-energy X-ray absorptiometry (DEXA) measure bone mineral content and density. DEXA is currently the most widely used method for quantitating bone mineral density. 6, 7 Quantitative ultrasound (QUS) is a method that measures the propagation time, or speed of sound (SOS), of an ultrasound signal between two transmitters and receivers within a probe. QUS measures structural information in addition to density, and studies suggest that it may improve the estimation of bone strength and fracture risk. [7] [8] [9] QUS is used increasingly to measure bone status. However, the relative value of DEXA versus QUS for assessing bone status is the subject of considerable debate, particularly for the pediatric population. [10] [11] [12] The two methods can yield divergent results. Studies that used either DEXA [13] [14] [15] [16] [17] or tibial QUS [18] [19] [20] [21] report lower indices of bone strength and mineral content in preterm infants versus infants born at term. However, studies that used DEXA or tibial QUS to compare bone status of SGA versus AGA newborn infants yield different results. DEXA or photon absorptiometry studies report lower or similar bone mineral content and density in SGA versus AGA newborn infants. [22] [23] [24] [25] [26] [27] [28] In contrast, a recent tibial QUS study reported that term and preterm SGA newborn infants had higher SOS values than AGA infants, 29 indicating greater bone strength in SGA infants. In addition, tibial SOS values are reportedly lower in newborn infants who are large-for-gestational age (LGA) 30 and in infants whose mothers had gestational diabetes, 31 further suggesting an inverse correlation between size at birth and bone SOS.
Our primary objective was to use tibial QUS to further investigate differences in bone status between SGA and AGA newborn preterm infants. We also investigated the effect that different growth reference charts have on the distribution of infants categorized as SGA or AGA.
Methods
This protocol was approved by the Institutional Review Board for the Protection of Human Subjects at the University of South Florida. Informed consent was obtained from a parent or guardian of each enrolled infant.
Subjects and study design
One hundred forty-four infants admitted to the Tampa General Hospital neonatal intensive care unit were enrolled. The inclusion criterion was gestational age less than 37 weeks. Since the percentage of infants born SGA is relatively low, we placed particular emphasis upon enrolling SGA infants. Infants with major congenital anomalies, metabolic disorders or bone diseases were excluded. In this cross-sectional study, SOS measurement of the tibia was made within the first week of life.
Birth-weight group assignment
The reference tables of Lubchenco et al. 32 and Alexander et al.
33
were used to categorize infants as SGA, AGA or LGA, which were defined as birth weight p10th percentile, 11th to 90th percentile and >90th percentile, respectively.
Ultrasound measurements
A Sunlight Premiere 7000P Quantitative Ultrasound sonometer (Sunlight Medical Inc., Somerset, NJ, USA) and 'cs' (cortex small) probe were used to assess bone status of the infants. The 'cs' probe measures SOS in preterm infants along a 2.8 cm fixed longitudinal distance with pulse transmission at a frequency of 1.25 MHz. SOS measurements were made on the left tibia as previously described. 20 Three to five SOS measurements were obtained with repositioning of the probe between measurements; the mean value of these measurements was used for data analysis.
Statistical analyses
A small number of LGA infants were enrolled; therefore, their data were not included in the analyses. A Student's t-test was used to measure differences between SGA and AGA for continuous variables, and w 2 or Fisher's exact test was used to measure differences for categorical variables. Univariate analysis controlling for the effect of gestational age was used to measure differences in SOS between SGA and AGA infants. P-values<0.05 were considered significant. Data are expressed as the mean±s.d. unless otherwise indicated. Statistical analyses were performed using SPSS (version 14.0, SPSS Inc., Chicago, IL, USA).
Results

Lubchenco reference tables
According to the tables of Lubchenco et al., 32 31 (22%) of the 144 infants were SGA, 108 (75%) were AGA and 5 (3%) were LGA ( Table 1 ). The mean gestational age of the SGA infants was similar to the AGA infants (33.3±2.6 and 32.5±2.4 weeks, respectively; P ¼ 0.09), and their birth weights were lower (1329±392 and 1829±481 g, P ¼ 0.001). Demographic variables, including gender, maternal age and race, gravida and parity, history of pre-eclampsia, gestational diabetes, smoke exposure and prenatal steroid exposure, were similar between the SGA and AGA groups. There was a significant positive correlation between SOS and tibial length for the AGA infants (r ¼ 0.21, P ¼ 0.028) but not for the SGA infants (r ¼ 0.05, P ¼ 0.777). The mean SOS value was significantly greater for SGA than AGA infants (3098±135 versus 3003±122 m/s, respectively, P ¼ 0.001) (Figure 1 ).
Alexander reference tables
According to the tables of Alexander et al., 33 58 (40%) of the 144 infants were SGA, 84 (58%) were AGA and 2 (1%) were LGA ( Table 1 ). The mean gestational age of the SGA infants was significantly greater than the AGA infants (33.6±2.2 and 32.0±2.4 weeks, respectively, P ¼ 0.001), and their birth weights were lower (1556±446 versus 1866±554 g, P ¼ 0.001). Demographic variables were similar between SGA and AGA infants. There was a significant positive correlation between SOS and tibial length for the AGA infants (r ¼ 0.32, P ¼ 0.003) but not for the SGA infants (r ¼ À0.07, P ¼ 0.628). The mean SOS value was significantly greater for SGA than AGA infants (3071±143 versus 2992±111 m/s, respectively, P<0.001) (Figure 2 ). The higher SOS value for the SGA infant remained significant after controlling for the effect of gestational age (P ¼ 0.001).
Discussion
Preterm SGA newborn infants had higher tibial SOS values than their AGA counterparts; findings were similar regardless of the reference chart used to categorize infants as SGA or AGA. These data are in agreement with those of other investigators who also used tibial QUS to compare bone SOS in AGA versus SGA infants. Littner et al. 29 reported that preterm and term newborn SGA infants had higher tibial SOS values than AGA infants. A negative relationship between size at birth and bone SOS was also indicated by lower tibial SOS values in LGA infants compared with AGA infants of non-diabetic mothers. 30 The investigators speculated that the lower SOS values in the larger infants may be due to reduced intrauterine fetal mobility in the space-constrained in utero environment of the LGA infant. Reduced spontaneous activity reportedly contributes to lower postnatal tibial SOS values, 34 while daily physical activity programs attenuate the longitudinal postnatal decrease in SOS values 35 and promote greater gain in bone mineral density in VLBW infants. 36 The higher SOS values in SGA infants indicate greater bone strength, and are in contrast to results from earlier studies that used photon absorptiometry or DEXA to measure bone mineral content and density. Studies that used photon absorptiometry or DEXA to compare SGA versus AGA newborn infants indicate that newborn SGA infants -both term and preterm -have lower or similar bone mineral content and density compared with newborn AGA infants. [22] [23] [24] [25] [26] [27] [28] Lower bone mineral content in SGA infants may be due to lower cortical bone mass resulting in decreased diaphyseal diameters and increased medullary diameters, 37 a higher turnover of bone matrix and reduced bone formation, 38 or reduced transplacental mineral transfer during pregnancy. 39 The reason for the discrepancy in the results between studies that used tibial QUS and those that used photon absorptiometry or DEXA to compare SGA and AGA infant bone status is unknown. SGA versus AGA bone status by QUS M Chen et al DEXA is the most widely used method for quantitating bone mineralization. DEXA measures bone in two dimensions and provides estimates of bone mineral content and bone area; bone mineral density is then calculated as bone mineral content/bone area. 6 However, DEXA has limitations, particularly for use in children. DEXA interpretation may be complicated by movement artifacts, 40 and the analyses are expensive and require exposure to ionizing radiation. QUS is a radiation-free, portable and relatively inexpensive technique that measures the propagation time of an ultrasound signal between two transmitters and receivers within a probe; it reflects bone density in addition to cortical thickness, elasticity and microarchitecture. 41 The ability to measure structural information may improve the estimation of bone strength and fracture risk. [7] [8] [9] However, interpretation of QUS measurements may be problematic for tubular bones, and may be influenced by anthropometric measurements, bone size and cortical thickness. 6, 42 In addition, adequate reference databases are not available for some of the existing ultrasound devices.
Our study also included a comparison of findings using two different reference tables for categorizing infants as SGA or AGA. The tables of Lubchenco et al. 32 are commonly used to assess adequacy of intrauterine growth; they were published nearly 40 years ago, and represent a population that resided at a relatively high altitude. The more recent reference tables of Alexander et al. 33 represent the 1991 US Live Birth file created by the National Center for Health Statistics. Earlier reference tables generally underestimate the proportion of SGA infants. 1, 33 In our study, categorizing infants as SGA using the reference tables of Alexander et al. 33 versus Lubchenco et al. 32 yielded a nearly twofold increase in the number of infants categorized as SGA. These findings and those of other investigators 43 emphasize the significant effect that different growth charts can have on studies that require categorization of infants as SGA or AGA.
A better understanding of how intrauterine growth restriction affects bone structure and composition may help to clarify why different methods of evaluating bone yield different results. However, there has been relatively little investigation in this area. Littner et al. 29 speculated that intrauterine growth restriction may affect bone mineral density and bone protein matrix in opposite directions, and that decreases in bone mineral content may not be paralleled by changes in bone protein matrix. Few studies have compared the various methods for measuring bone status, and they have not included a wide range of ages or clinical conditions. Studies that include QUS and DEXA measurements of SGA, AGA and LGA infants who are born preterm and at term are needed to clarify the relative value of the various methods used to measure bone status in infants. In addition, our ongoing studies of the relationship between tibial QUS and serum markers of bone turnover in SGA and AGA infants should further our understanding of the effects of intrauterine growth restriction on bone development.
